Feline leukaemia viruses of subgroups B and C multiply in human and canine cells, while subgroup A viruses do not. This host range restriction is determined by the virus envelope and operates at the level of virus entry into the cell. Subgroup A virus genomes are expressed and replicated when they are introduced within B subgroup envelopes into human or dog cells. Therefore, since they are phenotypic mixtures of A and B subgroup viruses, the majority of feline leukaemia virus isolates will infect human and canine cells with the subsequent production of FeLV of each subgroup.
INTRODUCTION
Knowledge of the determinants of the host range of RNA tumour viruses is important in view of possible associations between leukaemia viruses and leukaemia in man, particularly when viruses of some species are known to multiply in human cells. For example, the majority of isolates of feline leukaemia virus (FeLV) grow in human cells as well as in cat cells (Jarrett, Laird & Hay, 1969, O'Connor & Fischinger, 197o; Jarrett, 1971) and feline sarcoma viruses multiply in, and transform, human cells (Chang, Golden & Harrold, 197o; Sarma et al. 197o) . Recently, however, we described an isolate of FeLV which did not replicate in human cells. This virus was a member of FeLV subgroup A (Jarrett, Laird & Hay, I97Z) , as defined by Sarma & Log (1971) .
Here we report the results of experiments to investigate whether this host range restriction is a general property of FeLV subgroup A viruses, and to determine the factors necessary for FeLV isolates to initiate successful infections in human and canine cells.
METHODS

Cells.
Feline embryonic (FE) cells of the FEA strain were derived from whole embryos and were propagated using Eagle's minimal essential medium with IO % foetal bovine serum (EFB). In these experiments, cells between the eighth and twentieth subcultures were used.
The human embryonic lung (HEL) cells used here were either derived from primary cultures or from the Flow aooo cell line (Flow Laboratories, Ltd.) and were grown in EFB.
A suspension culture derived from normal canine thymus cells (CT 45S) which was originally isolated by Dr J. Mitchell was obtained from Dr M. B. Essex. These cells were grown in stationary suspension in medium consisting of equal proportions of Leibovitz L-15 and McCoy's 5a media supplemented with 15 % foetal bovine serum. Their doubling time was about 24 h and they were maintained in their growth phase at cell concentrations between 7 × lO 5 and 2 × IO ° cells/ml. 4, 5, 6, 9, IO, 13, 34, 38, 4o isolated in our laboratory from cats with naturally occurring leukaemia by previously described methods (Jarrett et aL I968) . FeLV-A, B and C were the gift of Dr P. S. Sarma. Each virus isolate was grown in FE cells, care being taken to maintain the cells in exponential growth.
Viruses. The feline leukaemia viruses
FeLV pseudotypes of the Moloney strain of routine sarcoma virus -MSV (FeLV) -were prepared after the method of Fischinger & O'Connor (t969) . A mixture of 2 ml of MSV containing 2 x Io 6 focus forming units (f.f.u.) and IO ml of the culture fluid from FeLVinfected FE cells was centrifuged at 3500o rev/min for 60 min in a Beckman SW4o rotor. The pellet was resuspended in EFB and was used to infect FE cells in conditions described below for the assay of MSV (FeLV). Cells were infected with diluted virus and after six days single transformed foci were picked out in a pipette and were transferred to fresh cultures of FE cells together with I ml of homologous leukaemia virus. The ceils were subcultured every 3 to 4 days until transformation was widespread, at which time the culture fluids were harvested, centrifuged at 2o0o rev/min for IO rain and stored at -6o °C.
Virus assay. In the MSV (FeLV) virus assay 5 cm plastic plates, seeded 24 h previously with 3 x Io 5 FE cells, were inoculated with o.5 ml of dilutions of virus in EFB. After an incubation period of 9o min at 37 °C the inoculum was replaced with a mixture of 4 ml of EFB and I ml of appropriate FeLV at a concentration known to permit optimum expression of f.f.u, of sarcoma virus. The medium was changed after 3 days and on the sixth day the transformed foci were counted as before (Jarrett et al. 1972) .
When HEL cells were used they were seeded at a concentration of 2 x lO 5 cells/plate. Interference test. FE cells were grown for 21 days after virus inoculation to ensure that all cells were infected. Then 5 x lO 5 cells were seeded into 5 cm plates in 4 ml EFB and 24 h later the culture was inoculated with approximately 5oo f.f.u, of MSV (FeLV) of appropriate subgroup in the same conditions as in the MSV (FeLV) assay. The medium was replaced on the third day. Cultures in which no transformation was observed after 6 days were considered to show positive interference.
Detection of virus. The techniques of labelling cells with [3H]-uridine and electron microscopic examination of cell cultures were as described previously (Jarrett et al. 1972 ) .
RESULTS
Restricted host range of FeLV of subgroup A
We have shown that an FeLV isolate, FeLV-I, has a restricted host range in that it is unable to infect human cells, and that this virus belongs to the A subgroup (Jarrett et al. I972) .
The suggestion that there is a correlation between host range and virus subgroup was examined. Human embryonic lung cells were inoculated with FeLV isolates known to be members of subgroup A (FeLV-I, 13, 34, 38 and A). Each inoculum, which had been grown in FE cells, was frozen and thawed at Ieast once before use to ensure that there was no contamination of HEL cells with live cat cells which might continue to release virus. When the HEL cells were examined 21 days later in the electron microscope there was no evidence of virus growth, as shown in Table 1 .
By contrast, it was found that FeLV stocks which contained viruses of B or C subgroups alone (FeLV-B and FeLV-C), or were mixtures of viruses of subgroups A and B 5, 6, 9, lO, 41 and 43) , were able to replicate in HEL cells. An identical pattern was observed when suspension cultures of canine thymic cells were inoculated with representative viruses of each subgroup. Eight cultures of different primary HEL cells and one HEL cell line were inoculated with FeLV-I, and none of these supported virus replication. In a further experiment to determine if cat cells which were non-permissive for FeLV-~ were common, the virus grew readily in cell cultures from each of 6 feline embryos which was tested.
From electron microscopic examination it appeared that in certain situations a larger quantity of virus was produced in human cells than in feline cells. A quantitative comparison revealed that this was so. Cells, inoculated 3 weeks previously with FeLV, were grown in medium containing [~H]-uridine for 24 h and the amount of virus which was released into the culture fluid was measured by the quantity of [3HI-incorporated into particles with a buoyant density between I.I3 and I.I8 g/cm ~, as described previously (Jarrett et al. I972 ) . The results in Table 2 indicate that FeLV which contained B subgroup virus was released in greater amounts from HEL cells than from FE cells, but that the reverse was the case for ceils infected with FeLV-C. This experiment also confirmed that FeLV-I was not released from HEL cells. The amount of radioactivity at these densities was essentially similar in HEL cells inoculated with FeLV-t and in uninfected HEL and FE cells. 
FeLV-type of MSV (FeLV):
+ denotes positive interference to a challenge of 500 f.f.u, of the appropriate MSV (FeLV). NT = Not tested.
Determinants of the host range of FeLV
The results of experiments in which feline and human ceils were exposed to pseudotypes of MSV with the envelope properties of various feline leukaemia viruses indicated that the host range of FeLV is determined by the virus envelope. MSV (FeLV) viruses multiply in, and morphologically transform feline cells (Fischinger & In contrast, MSV (FeLV) stocks which contained B or C subgroup viruses, either alone or in mixtures with A subgroup virus, transformed and multiplied in HEL ceils, as is indicated in Table 3 . MSV (FeLV-B) plated four times more efficiently on HEL cells than on FE cells, while HEL cells appeared to be ~o times less susceptible than FE cells to infection with MSV (FeLV-C). The e.o.p, on HEL cells of three different MSV (FeLV) stocks which were mixtures of A and B subgroup viruses was between 20 and 40 ~ of that on FE cells.
From these results it appeared that the virus envelope was an important factor in the ability of FeLV to infect human cells.
Infection of cells with phenotypic mixtures
The following experiments in which HEL cells were exposed to FeLV-5, which is a phenotypic mixture of A and B subgroup viruses, revealed that there was no restriction on the multiplication of subgroup A virus genome once they had entered human cells. The subgroup composition of the virus produced by FeLV-5-infected HEL, CT and FE cells (designated FeLV-5H, FeLV-5C and FeLV-5F respectively) was examined by interference tests. Fluids from these cultures were harvested 2I days after inoculation, were frozen and thawed and were inoculated into fresh FE cells. After 2I days in culture these cells were challenged with 5oo f.f.u, of MSV (FeLV) of subgroups A, B or C. The results, in Table 4 , show that the virus produced in the original HEL, CT and FE cells was, like the parental FeLV-5, a mixture of A and B subgroup viruses. Therefore, virus of subgroup A multiplied in the human and canine cells.
Confirmation of this result was obtained in reciprocal experiments which showed that the MSV (FeLV) pseudotype with the envelope properties of FeLV-5H, MSV (FeLV-5H), had an interference pattern like that of MSV (FeLV-5) which was consistent with it containing both A and B subgroup viruses.
As shown in Table 5 , a longer period of time was required for FeLV-5 to produce maximum amounts of virus in infected HEL cultures compared with similarly infected FE cultures. It is presumed that this finding was due to only a small proportion of the HEL cells being infected initially since MSV (FeLV-5) has a low e.o.p, on HEL cells, as indicated in Table 3 However, when the infection of HEL cells with FeLV-5 was well-established, i.e. 3 weeks after inoculation, more virus was released from the human cells than from the cat cells.
DISCUSSION
All feline leukaemia viruses, of whatever subgroup, or mixture of subgroups, which have been tested so far have grown in feline cells; indeed, this is the means by which they are usually isolated from cats. It is not known yet whether, as in avian leukosis systems, there are cats which are genetically resistant to infection by viruses of a particular subgroup of FeLV, nor is it likely that this information will be easily obtained owing to the absence of sufficiently inbred strains of cats. In our animal experiments, which have involved over 9o0 randomly-bred cats, almost every animal inoculated with representative viruses of subgroups A, B and C, as well as with mixtures of A and B subgroup viruses, has shown evidence of virus infection. Also, there is no obvious breed resistance since FeLV-associated haematopoietic tumours in cats are recognized in all common breeds of cats (Brodey et al. I97o ).
It appears, though, that viruses of the FeLV subgroups A, B and C differ in their interspecies host range, at least in vitro. The results of the experiments described here indicate that FeLV-B and C subgroup viruses grow in human and canine cells but that A subgroup viruses do not. The restricted host range is probably a general property of subgroup A viruses since the five isolates which were tested in this study did not grow in HEL cells, nor did one of these isolates, FeL¥-I, grow in eight separate HEL cell cultures. While only one I~-2 B subgroup virus was tested and found to grow in HEL and canine cells, seven other isolates which contained B in addition to A subgroup viruses also successfully infected these cells. The virus of subgroup C which was tested behaved qualitatively like virus of the B subgroup.
As with the avian and routine RNA tumour viruses (Hanafusa & Hanafusa, I966; Huebner et al. I966) , the factor which determines host range resides in the virus envelope. Thus, FeLV pseudotypes of MSV have the same host range as their parental leukaemia viruses, and the pseudotypes representing each FeLV subgroup differ only, as far as is known, in their envelope properties. Apparently, viruses of subgroup A cannot enter human or canine cells due to their A-specific envelopes.
However, the results obtained using a phenotypically mixed population of A and B subgroup viruses indicate that subgroup A virus genomes can enter human cells within subgroup B virus envelopes. In such mixtures the proportion of particles which can enter human cells is apparently low. This is evident from the prolonged time taken to establish maximum production of virus in FeLV-5 infected HEL cells compared with FE cells (Table 4) ; and from the result, shown in Table 3 , that the e.o.p, of MSV (FeLV-5) on HEL cells was only 40 ~ of that on cat cells. Similar results were obtained with MSV (FeLV-4) and MSV . However, when FeLV-5 production was at a maximum rate more virus was released from HEL cells than from FE cells. Sarma et al. 097o) reported what is now recognized as an analogous situation in which the titre of the Gardner-Arnstein strain of feline sarcoma virus (FeSV) was Io times greater when assayed on FE cells than on whole human embryonic cells. Also, the endogenous leukaemia virus which is present in this sarcoma virus isolate was produced in greater amounts in human cells than in cat cells after I4 days in culture. This strain of FeSV was subsequently shown to contain both A and B subgroup viruses (Sarma et al. I97I ; Sarma, Sharar & McDonough, I972) .
The present results support the observation that FeLV-5 consists of about Io ~ of viruses with essentially A subgroup envelopes; Io ~ with B subgroup envelopes, and the remainder with mixed AB envelopes (O. Jarrett, unpublished observations). It is proposed that it is only those particles with substantially B type envelopes which can infect human cells. The apparent discrepancy between the relative e.o.p, of MSV (FeLV-5) on human cells compared with cat cells (40 ~o) and the proportion of MSV (FeLV-5) with B envelopes (IO ~) is assumed to be due to the fact that MSV (FeLV) viruses with subgroup B envelopes plate 2 to 4 times more efficiently on HEL cells than on FE cells, as shown in Table 3 for MSV (FeLV-B) .
An as yet unknown proportion of the particles in FeLV-5 which have subgroup B envelopes must contain genomes of subgroup A viruses, since the progeny from FeLV-5 infected human and canine cells, like the parental FeLV-5, contains viruses of both subgroups. Therefore, human and canine cells are permissive for the expression and replication of subgroup A virus RNA. Such expansion of the host range of RNA tumour viruses which are normally excluded from cells of a particular genotype has been recognized before for avian leukosis viruses (Vogt, I967) . Our results indicate that since most feline leukaemia viruses which are isolated from cats are mixtures of A and B subgroup viruses (Sarma & Log, 1973 ; O. Jarrett, unpublished observations), they are capable of multiplying in human and canine cells, and that FeLV of each subgroup will be produced in these cells. 
